Abstract
LC3 was more highly expressed in cancerous tissues than in normal tissues (Z = -2.63, P < 0.01). In the cetuximab-containing chemotherapy group, patients with low LC3 expression had higher objective response rates (ORRs) than those with high LC3 expression (52.9% vs 17.9%, P = 0.01), and patients with low Beclin-1 expression had a longer median progressionfree survival (PFS) than their counterparts with higher Beclin-1 expression (9.0 mo vs 3.0 mo, P = 0.01).
However, neither of these predictive relationships was detected in the group treated with non-cetuximabcontaining chemotherapy. Patients with wild-type KRAS had higher ORRs (42.3% vs 9.1%, P = 0.049) and disease control rates (DCRs) (73.1% vs 36.4%, P = 0.035), and longer median PFS (5.5 mo vs 2.5 mo, P = 0.02) than those with mutant KRAS in the cetuximabcontaining chemotherapy group. Neither Beclin-1 (P = 0.52) nor LC3 (P = 0.32) expression was significantly correlated with KRAS status.
CONCLUSION:
Patients with low Beclin-1 expression had a longer PFS than those with high Beclin-1 expression, and patients with low LC3 expression had a higher ORR in ACRC patients treated with cetuximab-containing chemotherapy.
INTRODUCTION
Colorectal cancer (CRC) is one of the most common cancers worldwide. Although therapeutic strategies have improved in recent years, the fact that 25% of patients present with advanced colorectal cancer (ACRC) at diagnosis and an additional 25% eventually progress to this stage makes it especially challenging to treat. Both the Irinotecan-based [1] and Oxaliplatin-based regimens [2] have achieved a median overall survival of 20 mo in these patients; however, further improvement has been difficult due to their serious adverse cytotoxic events. The introduction of cetuximab, a monoclonal antibody targeting epidermal growth factor receptor (EGFR), to standard chemotherapy has increased the median overall survival to 24 mo in the patients with chemotherapy-naïve or refractory ACRC [3, 4] . Beneficial effects were also observed in Chinese patients with ACRC [5, 6] . Although wild-type KRAS is the precondition recommended by national comprehensive cancer network (NCCN) guidelines for the administration of cetuximab to patients with ACRC, at least half of the patients [7, 8] with wild-type KRAS do not benefit from this drug. Thus, it is vital to identify new predictive markers for cetuximab efficacy.
Autophagy is a catabolic process involving the degradation of a cell's own unnecessary, injured, or aged proteins and organelles and the subsequent recycling of degraded products to maintain survival. However, excessive autophagy leads to cell death, characterized by the presence of autophagic vacuoles [9] . In addition to the physiological role of autophagy, this process is also involved in many pathological conditions, including myopathy, neuronal degeneration, infectious disease, and cancer [10] . Since autophagy was first observed in yeast, more than 20 autophagy-related genes (Atg) have been identified [11] , many of which are conserved in mammals. As an autophagosomal orthologue of yeast Atg8, microtubule-associated protein 1 light chain 3 (LC3), including LC3-Ⅰ and LC3-Ⅱ, plays a crucial role in autophagosome formation. In particular, LC3-Ⅱ is a specific marker of the autophagic process since it directly correlates with the number of autophagosomes [12] . Additionally, Beclin-1 is an essential modifier of the autophagic process and has been implicated in tumor development, including breast, ovarian, and prostate tumors in humans, which have allelic loss of Beclin-1 [13] . Combined with other biochemical factors, Beclin-1 can be used to monitor autophagy [13] . It was reported in the journal cancer cell that autophagic death appears in colon cancer cells when the protein level of EGFR is decreased as a result of transient transfection with EGFR siRNA. Moreover, it was found that autophagic death was independent of EGFR tyrosine kinase activity, but depended on SGLT-1, a new pathway downstream of EGFR that controls the glucose metabolism essential for cell life [14] . In a previous study, our group also found that the SGLT-1 expression level was related to the clinical stage of CRC [15] . Cetuximab, a chimeric monoclonal antibody targeted against the extracellular domain of EGFR, may have a similar effect as EGFR siRNA, such that it also simultaneously induces autophagic death by the SGLT-1 pathway and apoptosis by the inhibition of a tyrosine kinase pathway in colon cancer cells. Until now, the relationship between the efficacy of cetuximab and autophagy in colorectal cancerous tissues was uncertain. To clarify this issue, we investigated autophagy activity by assaying the expression of Beclin-1 and LC3 in colorectal cancerous tissues, determined the correlation between Beclin-1 and LC3 expression and the efficacy of cetuximab in patients with ACRC, and evaluated the association between KRAS status and the expression of Beclin-1 and LC3.
MATERIALS AND METHODS

Patients
Eighty-five ACRC patients with definitive pathological diagnoses, paraffin-embedded pathology specimens and complete clinicopathologic information who received papillary chemotherapy in the Sun Yat-Sen University Cancer Center from March 1, 2005 , to December 31, 2008, were enrolled in this study. Two study arms were used. The first arm included 45 patients who received cetuximab-containing chemotherapy. The other arm of 45 patients was selected randomly from the ACRC patients who had received papillary chemotherapy without cetuximab. Five patients in the second arm were excluded because their paraffin-embedded specimen blocks were not available. Thus, only 40 cases were ultimately entered. These patients had local relapse or distant metastasis when they began papillary chemotherapy with or without cetuximab. Some had stage Ⅱ or Ⅲ cancer at the initial visit. Cancer cell-free surgical margins obtained from 28 CRC patients were used as controls.
Immunohistochemical staining for Beclin-1 and LC3
The formalin-fixed, paraffin-embedded pathology specimens of 85 CRC tissue samples and 28 normal colorectal tissue samples were all successfully examined. The diagnosis was microscopically confirmed by a pathologist. All hematoxylin-eosin stained specimens from the 85 CRC cases contained cancerous tissues, whereas all 28 control samples were cancer free. Five-micrometer sections were cut from the paraffin blocks and placed on glass slides. The slides were dried in an incubator at 60 ℃ for 60 min, deparaffinized in xylene, and then rehydrated in an ethanol series. After washing in water, antigen retrieval with citrate buffer was performed at high temperature and pressure. The sections were cooled for 20 min, washed twice with Phosphate buffered solution (PBS) for 5 min each, and then incubated in serum for 10 min. The primary antibody, either Beclin-1 (1:100) or LC3 (1:400) (Beclin-1 from Cell Signal, United States; LC3 from Novus Biologicals, United States), was diluted in 1% PBS and incubated for 45 min after the serum was tipped. The slides were then washed twice with PBS and incubated with the anti-rabbit secondary antibody (Invitrogen, United States) for 30 min. After an additional two washes in PBS, the slides were incubated with di- Table 1 Comparison of baseline clinicopathological characteristics between cetuximab-containing chemotherapy group and non-cetuximab-containing group n (%) aminobenzidine (DAB, Invitrogen, United States) for 10 min to visualize immunolabeling. After washing, the sections were counterstained with hematoxylin (Invitrogen, United States). Squamous cell cancer of the cervix and neurons from the cerebral cortex were used as positive controls for Beclin-1 and LC3, respectively, according to the manufacturer's instructions for each antibody. PBS was used as the negative control instead of the primary antibody on each slide for both Beclin-1 and LC3.
Hscore assessment
This method of assigning an histological score (Hscore) has been previously described [16, 17] . Two independent pathologists with no knowledge of the clinical data scored all immunohistochemical staining of Beclin-1 and LC3, according to the staining intensity and the percentage of positively stained tumor cells. Staining intensities were classified into 4 grades: 0 (pale yellow or no staining), 1 (yellow), 2 (deep yellow) and 3 (brown). The percentage of positively stained tumor cells was scored in 4 grades: 0 (0%-10%), 1 (10%-25%), 2 (25%-50%) and 3 (50%-100%). The intensity and percentage of positively stained tumor cells were scored after counting at least 10 high-power fields at 400 ×. Mean Hscores were calculated as follows: [(Intensity reader 1 × Percentage reader 1) + (Intensity reader 2 × Percentage reader 2)]/2.
Polymerase chain reaction analysis of KRAS mutation
Six sections (5-μm thick) from the formalin-fixed, paraffin-embedded blocks were used for genomic DNA extraction using the QIAamp DNA Paraffin-Embedded Tissue Kit (QIAGEN) according to the manufacturer' s instructions. The quality and concentration of the extracted DNA were determined by ultraviolet spectrophotometry. DNA quality was analyzed using a polymerase chain reaction (PCR) reaction (20 μL) that contained 10 μL master mix, 0.15 μL glyceraldehyde-3-phosphate dehydrogenase (GAPDH)-F, 0.15 μL GAPDH-R, 7.7 μL ddH2O and 2 μL DNA. Products were visualized by electrophoresis on a 2% agarose gel. KRAS mutations were detected by a PCR (25 μL) composed of 12.5 μL PCR mix, 0.5 μL Primer A, 0.5 μL Primer B, 0.3 μL Probe 1 [FAM (carboxyfluorescein, blue) maker], 0.6 μL Probe 2 [VIC (Aequoria Victoria, green) maker], 8.1 μL ddH2O and 2.5 μL DNA. The KRAS primers are as follows [18] : forward, 5'-AAGGCCTGCTGAAAATGAC-3'; and reverse, 5'-TGGTCCTGCACCAGTAATATG-3'. Samples for the control assay with a cycle threshold (Ct) below 35 were considered positive, whereas samples with Ct ≥ 38 were scored as negative (wild-type).
Statistical analysis
All statistics were calculated using SPSS for Windows, version 17.0. Nonparametric tests were used to compare the expression of Beclin-1 and LC3 between colorectal cancerous tissues and normal tissues. Correlations of Beclin-1 and LC3 Hscore with KRAS status were assessed by Spearman's correlation analysis. The Chisquare test was used to compare the baseline characteristics of the cetuximab-containing chemotherapy and the non-cetuximab-containing chemotherapy, and analyze the influence of Beclin-1 and LC3 expression on the objective response rates (ORR) and disease control rates (DCR) of the two groups. Kaplan-Meier curves and Cox regression models were used as univariate and multivariate analysis tools, respectively, to evaluate progressionfree survival (PFS) and overall survival (OS). Significance was defined as P ≤ 0.05. All P values were two-sided.
PFS was calculated as the time lapsed between the date of treatment and the date of relapse or progressive disease. Patients with no signs of relapse were censored at the time of last follow-up or death. OS was calculated from the day of diagnosis until death or the last follow-up.
RESULTS
Baseline characteristics of the 85 patients with ACRC, including gender, age, primary clinical stage, tumor site, family history of tumor and histological grade, are listed in Table 1 . All clinicopathologic characteristics of the patients receiving cetuximab-containing chemotherapy or non-cetuximab-containing chemotherapy were equivalent. By the time of the final follow-up (December 1, 2010), 57 patients had died, 27 were alive [performance status (PS) ≤ 1 in 20 patients, PS = 2 in five patients, and PS = 3 in two patients], and one patient was lost to follow-up during a median follow-up time of 34.0 mo (2.0-137.0 mo).
Expression of Beclin-1 and LC3 in CRC tissues
The expression of Beclin-1 and LC3 was successfully evaluated in all 85 CRC tissues and 28 normal colorectal tissues. The Hscore consisting of seven grades was used to assess the tumor tissue. The expression of Beclin-1 and LC3 in cancerous and normal tissues is shown in Figure 1 . The Hscore of LC3 expression in cancerous tissues was higher than that in normal tissues (P < 0.01), while Beclin-1 expression was not significantly different (P = 0.35) ( Table 2) . Table 3 ). The patients with low LC3 expression had a higher ORR than those with high LC3 expression (52.9% vs 17.9%, P = 0.01). Beclin-1 expression had no influence on ORR (26.7% vs 33.3%, P = 0.65). Neither Beclin-1 (80.0% vs 56.7%, P = 0.12) nor LC3 (76.5% vs 57.2%, P = 0.19) expression affected the DCR. In this whole group, the median PFS was 3.0 mo. The median PFS of the patients with low and high Beclin-1 expression was 9.0 mo and 3.0 mo, respectively (P = 0.01) (Figure 2 ). The median PFS of the patients with low and high LC3 expression was 3.0 mo and 4.0 mo, respectively (P = 0.62).
Association of
Association between KRAS status and short-term efficacy: Among the 45 patients treated with cetuximabcontaining chemotherapy, 37 patients were successfully tested for KRAS gene mutations. The KRAS mutation rate in CRC patients was 29.7% (11/37). The KRAS mutations were all in codon 12. Nine cases had the G12D mutation (12 GGT→GAT, Gly→Asp), one case had the G12C mutation (12 GGT→TGT, Gly→Cys), and one case had the G12S mutation (12 GGT→AGT, Gly→Ser). The patients with wild-type KRAS had higher ORR (42.3% vs 9.1%, P = 0.049), DCR (73.1% vs 36.4%, P = 0.035) and PFS (5.5 mo vs 2.5 mo, P = 0.02) than those with KRAS mutations (Table 4 and Figure 3 ). 
Effects of KRAS, Beclin-1 and LC3 on OS:
The median OS in this study cohort was 40.0 mo. The most common potential factors affecting OS, including gender, age, primary clinical stage, tumor site, family history of tumor, histological grade, the expression of Beclin-1, LC3 and KRAS status, were analyzed as shown in Table 5 . Only clinical stage (P < 0.01) and histological differentiation (P = 0.049) were found to be predictive factors of OS by univariate analysis. When the clinical stage, histological differentiation, Beclin-1 expression, LC3 expression, Hscore and KRAS status were subjected to multivariate analysis, only TNM stage retained its prognostic value (P < 0.01) ( Table 6 ). Only 37 cases were included in the COX regression model because the KRAS status of eight cases was not tested successfully.
Correlation of Beclin-1 and LC3 expression and KRAS status:
Spearman's correlation analysis revealed that Beclin-1 and LC3 expression levels in CRC exhibited a correlation coefficient of 0.44 (P < 0.01). However, neither Beclin-1 nor LC3 expression was related to KRAS status (P = 0.52 and P = 0.32, respectively).
Association of Beclin-1 and LC3 expression with efficacy of non-cetuximab-containing chemotherapy
For patients treated with non-cetuximab-containing chemotherapy, the ORRs and DCRs of the first-line chemotherapy were compared among patients exhibiting low and high expression of Beclin-1 and LC3. Neither Beclin-1 expression (ORR = 42.9% and 36.8%, P = 0.70; DCR = 85.7% and 84.2%, P = 0.89 in low and high Beclin-1 expression groups, respectively) nor LC3 expression (ORR = 43.7% and 37.5%, P = 0.69; DCR = 81.2% and 87.5%, P = 0.59 in the low and high LC3 expression groups, respectively) affected the ORR or DCR (Table 3 ). In addition, neither low nor high Beclin-1 or LC3 expression influenced PFS (7.0 mo vs 7.0 mo, P = 0.29; 7.0 mo vs 7.0 mo, P = 0.60) in this group, which had a median PFS of 7.0 mo. In addition, no significant associations were found between OS and Beclin-1 (33.0 mo vs 24.5 mo, P = 0.67) or LC3 expression (33.0 mo vs 29.0 mo, P = 0.84). Figure 3 Progression-free survival of advanced colorectal cancer patients with KRAS wild type and patients with KRAS mutation treated by cetuximab-containing chemotherapy. Thirty-seven of 45 patients were successfully tested KRAS gene in cetuximab-containing chemotherapy group, the median PFS of patients with KRAS wild type was significantly higher than that of patients with KRAS mutation ( 5.0 mo and 2.5 mo, respectively, P = 0.02). PFS: Progression-free survival. 
DISCUSSION
The expression of Beclin-1 and LC3 was evaluated in 85 patients with ACRC. Forty-five of those patients had been treated with cetuximab-containing chemotherapy, and 40 patients received non-cetuximab-containing chemotherapy at the Sun Yat-Sen University Cancer Center. The two treatment groups were merged because the baseline characteristics with potential prognostic influence, including gender, age, primary clinical stage, tumor site, family history and histological grade, were equivalent. Levels of Beclin-1 and LC3 in ACRC tissues were significantly correlated (P < 0.01); however, only LC3 was more highly expressed in cancerous tissues than in normal tissues (P < 0.01). The reason for the expression heterogeneity of these two autophagy-related proteins could be the followings: (1) mutations in Belcin-1 are rarely present in gastrointestinal cancers [19, 20] , such that Beclin-1 expression is predicted to be almost identical in colorectal cancerous tissues and normal tissues; or (2) autophagy might be induced by factors other than Beclin-1, e.g., SGLT1 [14] , such that LC3 overexpression, usually considered a hallmark of autophagy, might not always occur in conjunction with Belcin-1 overexpression [21] . Indeed, the status of Beclin-1 expression in colorectal cancer had not been satisfactorily evaluated before the present work. One study investigating 103 colorectal and 60 gastric carcinoma tissues by immunohistochemistry indicated increased expression of Beclin-1 in malignant gastrointestinal epithelial tissues compared with normal mucosal epithelial tissues [22] . However, decreased mRNA and protein levels of Beclin-1 in colorectal cancerous tissues were also reported in China [20] . Although immunohistochemical detection of LC3 cannot distinguish LC3-Ⅰ and LC3-Ⅱ, it can still serve as an indicator of autophagic activity since LC3-Ⅱ is a dominant form of LC3 [23] . The present study demonstrated that most colorectal cancerous tissues had higher levels of LC3 expression than most normal colorectal tissues, which generally exhibited low levels of LC3 (Table 2) . This finding was supported by the results of a study involving 163 gastrointestinal cancer patients in whom LC3 was differentially expressed in the cytoplasm of cancer cells, but not in noncancerous epithelial cells [24] . Based on these findings, we speculate that normal cells exhibit a basal level of autophagy in order to maintain cellular homeostasis. Furthermore, increased autophagy in colorectal cancer cells may also play a crucial role in tumor survival; this finding was consistent with previous studies [25, 26] . We also found that the patients with low LC3 expression had higher ORRs than those with high LC3 expression (P = 0.01) in the cetuximab-containing chemotherapy group; however, LC3 did not correlate with ORR in the non-cetuximab-containing chemotherapy group. Furthermore, the median PFS of patients with low and high Beclin-1 expressions was significantly different (P = 0.01) in the cetuximab-containing chemotherapy group; however, Beclin-1 expression could not predict PFS in the non-cetuximab-containing chemotherapy group. In summary, neither LC3 nor Beclin-1 correlated with treatment outcome in the non-cetuximab-containing chemotherapy group, but low expression of each protein correlated with good outcomes, based on ORR or median PFS, in the cetuximab-containing chemotherapy group. These data indicates that low autophagy levels are strongly correlated with good efficacy of cetuximab. To our knowledge, this is the first report that is based on clinical data. Our findings are in accordance with the idea that autophagy protects colon cancer cells from the apoptotic effects of cetuximab [27, 28] . We also determined whether Beclin-1 and/or LC3, two autophagy-related proteins, were as useful as KRAS gene mutations [3] in predicting the efficacy of cetuximabcontaining regimens in ACRC. KRAS gene status is considered the gold standard to predict cetuximab efficacy in patients with ACRC. Cetuximab was specially designed to block the tyrosine kinase pathway in which KRAS is involved, and induce apoptosis; however, autophagy, another pathway downstream of EGFR, was also recently found to be influenced by cetuximab [27, 28] . Consistent with other studies [7, 29, 30] , our results showed that patients with wild-type KRAS had higher ORRs and DCRs and longer median PFS. We then attempted to predict the cetuximab treatment outcome by combining KRAS status with Beclin-1 and LC3 expression levels; however, this was not possible because neither of the autophagy-related proteins was correlated with KRAS status. Additionally, we found that KRAS status was a more powerful biomarker than either Beclin-1 or LC3 for predicting the efficacy of cetuximab-containing chemotherapy in ACRC. Although the OS of subgroups with low LC3 expression, low Beclin-1 expression and wild-type KRAS was longer than that of their counterparts with high LC3 expression, high Beclin-1 expression and mutant KRAS (Table 5) , none of the three biomarkers was powerful enough to predict the OS of the ACRC patients treated with cetuximab by univariate or multivariate analysis. More importantly, the autophagyrelated proteins, Beclin-1 and LC3, predicted drug efficacy independent of KRAS status, possibly because the autophagic pathway is distinct from the tyrosine kinase pathway that regulates KRAS. Panitumumab, an entirely human monoclonal antibody specific to EGFR, was also reported to affect colon cancer cell proliferation independent of KRAS mutation status, possibly through the induction of autophagy [31] . Though the nature of autophagy's involvement in a cell's response to cytotoxic chemotherapy or cetuximab treatment has been controversial, our findings imply that autophagy makes a mild to moderate contribution to the anti-tumor effects of cetuximab, but it is not as critical as KRAS. We believe that the autophagy could be used to enhance and/or predict cetuximab efficacy.
Obviously, the heterogeneity of Beclin-1 and LC3 expression and their limited ability to predict the efficacy of cetuximab may restrict their utility. The findings discussed herein may be associated with our small patient sample. Beclin-1 is only an autophagy modifier, and varying levels of this protein do not always indicate the presence or absence of autophagy; however, LC3 expression is a hallmark of autophagy initiation.
Based on our data, we conclude that low levels of autophagy were associated with high anti-tumor activity of cetuximab-containing chemotherapy because patients with low LC3 expression exhibited higher ORRs. Similarly, patients with tumors expressing low levels of Beclin-1 had longer median PFS. Wild-type KRAS was strongly correlated with good outcomes in terms of ORR, DCR and PFS. Importantly, Beclin-1 and LC3 expression predicted cetuximab treatment outcomes while they were not related to the KRAS status, indicating that autophagy might offer another potential avenue to enhance and/or predict cetuximab efficacy in patients with ACRC.
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COMMENTS
Background
At least half of the advanced colorectal cancer (ACRC) patients with wild-type KRAS do not benefit from cetuximab. Thus, it is vital to identify new predictive markers for cetuximab efficacy. Autophagic death occurred in colon cancer cells when epidermal growth factor receptor (EGFR) was blocked with EGFR siRNA. Both of cetuximab and EGFR siRNA targeted the extracellular domain of EGFR, which indicates that autophagy may be involved in cetuximab antitumor activity and predict cetuximab efficacy in patients with ACRC. LC3 plays a crucial role in autophagosome formation and Beclin-1 is an essential modifier of the autophagic process, so LC3 and Beclin-1 can be used to monitor autophagy.
Research frontiers
Autophagy protects colon cancer cells from the apoptotic effects of cetuximab, however, Panitumumab, another antibody specific to EGFR, was also reported to affect colon cancer cell proliferation independent of KRAS mutation status, possibly through the induction of autophagy. What the exact role autophagy plays in ACRC and whether autophagic markers, such as Beclin-1 and LC3, can predict efficacy of cetuximab, are still unknown.
Innovations and breakthroughs
Based on clinical data, this study found for the first time that low levels of autophagy were associated with high anti-tumor activity of cetuximab-containing chemotherapy in ACRC patients.
Applications
The study results suggest that autophagy might offer another potential avenue to enhance and/or predict cetuximab efficacy in patients with ACRC.
Terminology
Autophagy: A catabolic process involving the degradation of the cells to maintain survival, but excessive autophagy leads to cell death. In recent years, it has been found that autophagy is involved in cancer process and treatment; Microtubule-associated protein 1 light chain 3 (LC3): It includes LC3-Ⅰ and LC3-Ⅱ, and plays a crucial role in autophagosome formation; Beclin-1: An essential modifier of the autophagic process and being implicated in tumor development.
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